A 3D, multi-phase, multi-component numerical model of injection into a storage reservoir with an abandoned wellbore is developed. A shallow aquifer is modeled above the storage reservoir separated by a caprock layer. An intermediate permeable layer assumed to be a thief zone is modeled. The abandoned wellbore penetrates the entire model from the surface, through shallow aquifer and thief zone to the bottom of the primary storage reservoir. The amount of CO 2 captured within the thief zone and released to the shallow aquifer and atmosphere is assessed. A Latin Hypercube sample evaluates the effects of variations in CO 2 injection rate, depth of the reservoir, relative depth of the thief zone, and permeability of the wellbore, thief zone, and shallow aquifer. In addition, full factorial design parameter studies evaluate the effect of differing wellbore permeabilities above and below the thief zone. Analyses of the Latin Hypercube sample and parameter studies provide indications of the necessary conditions for secondary capture in thief zones and potential for leakage to the shallow aquifer and atmosphere.
Introduction
Understanding the potential significance and risk of CO 2 and brine leakage from cemented wellbores at proposed geologic storage sites is a key goal of the National Risk Assessment Partnership (NRAP). Cemented wellbores that penetrate the caprock to the storage reservoir could provide a potential pathway for CO 2 leakage to shallow aquifers or the atmosphere. The long-term integrity of cemented wellbores is uncertain given the possibility of poor completion and abandonment of the wells and the potential for CO 2 to degrade wellbore materials [1] . Intermediate permeable zones (i.e. geologic layers above a storage reservoir with high enough permeabilities to allow CO 2 flow) can potentially retain leaked CO 2 and minimize or prevent risks of leakage to shallow aquifers or the atmosphere. The risk of wellbore leakage at CO 2 storage sites should take into account the potential mitigating effects of thief zones. In this paper, we use the Finite Element Heat and Mass (FEHM) numerical code [2] to explore the potential for thief zones to provide secondary capture of CO 2 .
While many factors are expected to influence secondary capture within thief zones, we focus on CO 2 injection rate, depth of reservoir, relative depth of thief zone, and permeability of thief zone and wellbore. The injection rate will affect the rate of plume migration and the transient pressures and saturations within the model. The range of depths was selected so that the reservoir is not so deep that CO 2 sequestration would be prohibitively expensive and that it is not so shallow that the CO 2 would not remain in supercritical phase (960 -3200 m). The relative depth of the thief zone captures scenarios where the CO 2 entering the thief zone is potentially in supercritical, liquid or gas phase (i.e. 30-70 % of the depth). Wellbore and thief zone permeabilities capture various permeability ratios that could be encountered.
Variation in the amount of secondary capture within thief zones due to these factors is assessed based on output of FEHM simulations of a Latin Hypercube (LH) sample. The variations in secondary capture within the LH sample simulations are evaluated by correlation and histogram analyses. Leaked quantities to the shallow aquifer and atmosphere are also presented. In order to assess the effect of differing wellbore permeabilities above and below the thief zone, full factorial design parameter studies are also performed. In the parameter studies, the permeabilities within the thief zone and in the wellbore above the thief zone are varied. The effect of lower wellbore permeability (at and below the thief zone) is explored by performing two parameter studies, one with higher wellbore permeability of 10 -12 m 2 and the other with 10 -16 m 2 .
Description of the mesh and numerical model
The FEHM simulations are 3D multi-phase solutions of heat and mass transfer of water and supercritical, liquid, and gas CO 2 . Dissolution, residual saturations, and brine density are not considered in these calculations. Neglecting dissolution and residual saturations will increase estimates of flow resulting in conservative risk assessments. Figure 1 presents a schematic of the model with a reservoir, thief zone, aquifer, and caprock layers connected by a wellbore surrounded by a column of caprock. The reservoir, thief zone, and aquifer layers are 51.2, 22.4, and 19.2 m thick respectively. The caprock layer above the aquifer is 11.2 m thick. The thickness of the other caprock layers depends on the total depth of the model and relative depth of the thief zone. The total depth of the model is varied from 960 to 3200 m. These depths target scenarios where injected CO 2 will remain supercritical, but well development will not be too costly. The location of the thief zone can vary from 30% to 70% of the model depth. The sides of the reservoir, thief zone, and aquifer are Dirichlet boundaries allowing only outflow of CO 2 To reduce the memory requirements of the model, caprock nodes that do not significantly contribute to the flow rates along the wellbore are removed. This is shown schematically in Figure 1 and is apparent in Figure 3 . All caprock between the reservoir and thief zone and thief zone and aquifer are removed except for a 6.4 m wide column along the wellbore. The caprock surrounding the wellbore is considered impermeable, but has the ability to transfer heat. This allows the thermal effects of CO 2 phase changes as CO 2 migrates up the wellbore to be included in the simulations [3] . A caprock layer is included above the aquifer and used in the initialization of the temperatures and pressures of the model, but is not included in subsequent wellbore leakage calculations (i.e. the top of the shallow aquifer is a no-flow boundary). Figure 4 presents CO 2 saturations along the borehole and along the top of the reservoir. Close-ups of the reservoir, thief zone, and aquifer along the borehole are presented. In interpreting Figure 4 , one must consider the large increase in volume of CO 2 due to phase changes from supercritical or liquid to gas. Therefore, CO 2 appears to only be present in the aquifer and thief zone at year 6, and to show up in the reservoir at year 10. There is CO 2 along the top of the reservoir entering the wellbore at early times (at year 6 and earlier), but at small saturations. Table 1 lists the parameters included in the Latin Hypercube Sampling (LHS) and their ranges. Mesh generation for values of D and f thf is accomplished by modification of a pre-generated, fully octree-refined, cube-shaped mesh. The pre-generated mesh has a depth of 3200 m to accommodate all possible depths within the LH sample. For each sample, LaGriT is used to remove the top of the mesh to the specified depth. LaGriT then removes the caprock between the reservoir and thief zone and thief zone and aquifer based on f thf . As the pre-generated cube-shaped mesh is discretized vertically at 3.2 m, the total depth D is sampled discretely at this interval. The depth of the thief zone must also adhere to this discretization, and is calculated by rounding the value of D * f thf to the nearest multiple of 3.2 m. The shallow aquifer permeability is tied to the wellbore permeability.
Assessment of variability in secondary capture by LHS

LH Parameter Samples
Model outputs
Out of 3800 samples, 1455 resulted in simulations that ran to full completion at 50 years. Based on post analysis discussed below, the primary cause for failed simulations was high wellbore permeabilities (greater than around 10 -12 m 2 ) resulting in numerical difficulties due to high flow rates within the wellbore. Outputs are collected from FEHM simulations parameterized using the LH sample. Outputs include flow rates of CO 2 and brine into and out of the thief zone and aquifer, and flow rates into the atmosphere. Time-series plots of CO 2 and brine flow rates at some of the collected locations within the wellbore are presented in Figure 5 . The net mass of CO 2 in thief zone, aquifer, and atmosphere are calculated by numerical integration using the trapezoidal rule. The net mass of brine leaked into the thief zone and aquifer are also calculated. Histograms of these values at 50 years are presented in Figure 6 . . CO 2 and brine flow rates for LHS samples at specific locations along the wellbore. Looking at the blue rectangle, the derived parameter r k has been added as the ratio k thf /k w defining the relative magnitude of thief zone to wellbore permeability.
Analysis of mass in thief zone, aquifer, and atmosphere
It is also apparent that the distribution of wellbore permeabilities (k w ) is not uniform, as expected from the LHS sampling. This is due to failed simulations caused by high wellbore permeabilities. Distributions of m inj and D also seemed to be slightly modified. Based on the input pairs scatterplots and correlations coefficients, the inputs are uncorrelated except for m inj and k w with a correlation coefficient of -0.37. As expected, the derived parameter r k is correlated to k w and k thf , and to m inj by association with k w . Statistical analysis of model output are conditional on the input distributions presented in Figure 7 . While this does introduce bias into any statistical analysis, general conclusions can be drawn from the LH sample results since completed simulations do span the ranges of all input parameters.
Most output pairs show at least some linear correlation except for mass of CO 2 in the thief zone (log_m_c_thf) and brine mass in the thief zone and aquifer (log_m_w_thf and log_m_w_aqu). However, if Spearman (rank) correlations are calculated to account for monotonic nonlinearities, the correlations increase significantly to 0.35 and 0.39 for log_m_w_thf and log_m_w_aqu, respectively. These can be compared with linear correlations in Figure 7 of -0.09 and 0.04, respectively. Therefore, the correlations between CO 2 captured in the thief zone and brine leaked to the thief zone and aquifer are small and nonlinear. The quantity of brine leaked to the thief zone and aquifer are positively correlated to the amount of CO 2 leaked to the aquifer and atmosphere. This can be at least partially explained by looking at the correlation between wellbore permeability k w and the outputs. log_m_c_thf has significant negative correlation with k w , while all other outputs are positively correlated with k w . However, looking at the scatterplots indicates that there are nonlinearities in the correlations between k w and CO 2 masses. Using Spearman (rank) correlations to account for monotonic nonlinearities produces correlations of 0.13, 0.30, and 0.72 between k w and log_m_c_thf, log_m_c_aqu, and log_m_c_atm, respectively. These can be compared to the Pearson correlation coefficients of -0.31, 0.12, and 0.54 in Figure 7 . In contrast, Pearson versus Spearman correlations between brine masses and k w are nearly identical indicating that the correlations are linear. Based on these analyses, brine leakages to the thief zone and aquifer are significantly and linearly dependent on wellbore permeability. However, dependence of CO 2 leakage on wellbore permeability is significantly nonlinear and small for the thief zone and increases the farther up the wellbore the CO 2 must travel. The ratio of thief zone to wellbore permeability r k shows slightly lower but similar correlations to outputs as k w . It is therefore expected that r k only effects the outputs through its association with k w , and the ratio of the permeabilities is not a more dominant controller than wellbore permeability itself. The other significant correlations are between parameter m inj and D and the CO 2 outputs. Figure 8 presents histograms of the fraction of total injected CO 2 mass in the thief zone, aquifer, and atmosphere and between model regions at 50 years. These histograms indicate that for the LHS sample the masses leaked to the thief zone, aquifer, and atmosphere are in general of the same magnitude and are small fractions (<10 -3 of 50 years) of the total injected CO 2 (Figure 8 (a-c) ). This is well within the commonly accepted storage losses of 0.1% per year [3] . Looking at the ratios between model regions (Figure 8 (d-f) ), this conclusion holds in general, except for a set of samples with lower leakage to the thief zone than the aquifer and atmosphere. It is important to note that these results are based on homogeneous wellbore permeabilities and the ranges of permeabilities presented in Table 1 . The next section explores the effects of differing permeabilities within the wellbore above and below the thief zone.
Effect of differing wellbore permeability above and below the thief zone
A full factorial design parameter study was conducted to evaluate the effect of differing wellbore permeabilities. The wellbore was separated into two regions, a region from the bottom of the reservoir to the top of the thief zone Figure 7 . Pair plots between model inputs and outputs. Outputs are log mass of CO 2 ("c") and brine ("w") in the thief zone ("thf"), aquifer ("aqu") and atmosphere ("atm") at 50 years. Histograms are plotted along the diagonal, scatterplots in the lower triangle, and Pearson correlation coefficients are in the upper triangle. Red lines in scatterplots are loess smoothed fits. The blue, red and green rectangles outline input, output, and input versus output pair plots, respectively. }. The full factorial design results in 16 simulations. Figure 9 presents a matrix of time series plots of CO 2 and brine mass in model regions (thief zone, aquifer, and atmosphere) for the parameter study. This figure indicates that the thief zone captures relatively significant quantities of CO 2 for cases where its permeability (k thf ) is at or above 10 -16 m 2 and that quantities only increase marginally with each increase in thief zone permeability. It is also apparent that there is little or no CO 2 mass leaked to the aquifer or atmosphere until the upper wellbore permeability is 10 -12 m 2 . Small amounts of CO 2 do leak into the aquifer and atmosphere for upper wellbore permeabilities of 10 -14 m 2 , but are insignificant on the scale of the plots). The amounts of brine in the thief zone and aquifer are fairly consistent across samples, with slightly lower values in the k thf = 10 -18 m 2 case. In the extreme case of k thf = 10 -18 m 2 and k w1 = 10 -12 m 2 (extremely permeable wellbore and impermeable thief zone), significant leakage to the shallow aquifer occurs. However, in cases with extremely low thief zone permeability, but where k w1 is greater than or equal to 10 -14 m 2 , the thief zone is able to capture CO 2 without significant leakage to the shallow aquifer. low leakage to thief zone and wellbore permeability are visible. This figure clarifies the sensitivities alluded to by Figure 9 . CO 2 mass in all regions is insensitive at values of k w1 equal to or less than 10 -14 m 2 with significant decreases in secondary capture and increased leakage of CO 2 to the aquifer and atmosphere at 10 -12 m 2 . Brine mass in the thief zone and aquifer does not become significantly sensitive to upper wellbore permeability until above k w1 = 10 -14 m 2 . This is particularly true in the aquifer for the case with low thief zone permeability (k thf = 10 -18 m 2 ), where a large relative increase in brine leakage occurs.
Inputs
Outputs
Inputs vs Outputs
In order to investigate the effect of lower permeability in the lower wellbore, the parameter study was repeated with k w0 = 10 -16 m 2 . In this parameter study, there was no leakage to thief zone, aquifer, or atmosphere in any of the cases. This suggests that even with a moderately well sealed lower wellbore, leakage from the reservoir does not occur.
Relation between the LHS sample and parameter studies
The model used in the LHS sample and parameter studies is exactly the same except that the wellbore has been divided into two regions in the parameter studies. In Figure 9 , the LHS sample is most representative of the two plots in the rightmost column (k w1 = 10 -12 m 2 ) and the last two rows (k thf = 10 -12 and 10 -14 m 2 ). In these cases, the CO 2 leaked to the thief zone and aquifer is comparable, as in the LHS sample (refer to Figures 6 and 8) . However, the amount leaked to the atmosphere happens to be significantly lower than to the thief zone and aquifer due to the particular parameter values fixed in the parameter studies (m inj = 17 kg/s, D = 2496 m, f thf = 0.48) and the nonhomogeneous wellbore permeability. The parameter studies explore cases of wellbore and thief zone permeability well outside the LHS sample.
Conclusions
We performed numerical investigations into the necessary conditions for thief zones to provide secondary capture from wellbore leakage at CO 2 storage sites. The research included a LH sample and full factorial design parameter studies. The results are conditional on the LH sample and parameter studies and must be interpreted as such.
The following conclusions are drawn from the LH sample: 1. Secondary capture within the thief zone and leakage to the shallow aquifer and atmosphere have nonlinear dependence on wellbore permeability, with dependence increasing up the wellbore from the thief zone to the atmosphere 2. Brine leakage has strong linear dependence on wellbore permeability 3. CO 2 and brine capture and leakage dependence on the ratio of thief zone to wellbore permeability is not as strong as their dependence on wellbore permeability alone 4. The quantities of CO 2 captured in the thief zone, leaked to the aquifer, and leaked to the atmosphere are in general of comparable magnitude. 5. Leakage to the aquifer and atmosphere are small fractions of the total injected CO 2 (< 0.001 after 50 years), well within acceptable limits of 0.1% per year [Pruess] The following conclusions are drawn from the parameter studies:
1. Secondary capture within a thief zone is able to eliminate or nearly eliminate leakage as long as wellbore permeability is less than or equal to 10 -14 m 2 2. The quantity of CO 2 that the thief zone can accept increases significantly if its permeability is greater than or equal to 10 -16 m 2 3. Leakage of CO 2 and brine only increases significantly if the wellbore permeability is extremely high (10 -12 m 2 ) and the thief zone permeability is extremely low (10 -18 m 2 ) 4. A cement seal below the thief zone of at least 10 -16 m 2 prevents any flow up the wellbore 
